The Chemistry of Adsorbed Cu(ll) and Mn(ll) in Aqueous
Titanium Dioxide Suspensions
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We studied the adsorption behavior of Cu(Il) and Mn(II) on the surface of titanium dioxide over the
pH range from 2.0 to 11.5. The titanium dioxide we used in these experiments was prepared by hydrolyzing
TiCl, and had a surface area of 113.7 m? g~'. All suspensions, which were 9.04 X 1073 M in NaClO,,
contained 20 m? liter! of oxide surface and divalent metal ion concentrations sufficient (at full adsorption
from solution) to cover the available surface with one-half, one, and four layers of close-packed, hydrated
jons. Both divalent ions began adsorption below titanium dioxide’s isoelectric point (pH = 6.2). Cu?*
adsorption was accompanied by net OH™ uptake from solution and it was inferred that the titania surface
also provided OH™ for Cu®* adsorption. ESR spectra demonstrate the coexistence of two distinct forms
adopted by these metal ions on the surface. A portion of the adsorbed metal ions occupies sites magnetically
isolated one from another, as evidenced by the paramagnetic behavior of this form. The majority of the
metal ions, however, exist in hydrous-metal-ion clusters in which spin-exchange coupling of the electron
dipoles determines the magnetic behavior. Electrophoretic mobility measurements indicate that ions
adsorbed at isolated sites exert a stronger influence on the electrophoretically measured charge of the
suspension particles than ions in clusters. Even though these experiments were performed in the absence
of oxygen, we observed the oxidation of a limited amount of the Mn(II) on the surface as low as
pH = 5. Presumably this occurs as a result of electron transfer between photo-induced electron holes
and Mn(II) on the surface. © 1986 Academic Press, Inc.
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INTRODUCTION

The study of transition metal ions adsorbed
on oxide surfaces has proceeded as two rather
distinct efforts. The first is concerned with the
equilibrium between aqueous metal-ion so-
lutions and the oxide adsorbent, where the de-
tailed properties of the solution are carefully
related to processes occurring on the oxide
surface. The second has as its major interest
the catalytic properties of metal ions supported
on various oxides.

Workers involved in the former effort have
shown that in certain cases metal ions can ad-
sorb from aqueous solution at localized oxide
surface sites where a *“‘coordination complex”
forms. Surface complexation constants for
such “coordination complexes” have been de-
termined using a variety of models (1-3). Re-
cently, some authors have estimated surface

complexation constants based on the corre-
lation existing between electron spin resonance
(ESR) parameters and stability constants for
coordination complexes formed in solution
(4-6). This correlation is based on the relation
between these parameters and the coordina-
tion environment of the metal ion in the com-
plex (6-9).

The catalytic literature regarding transition
metal ions on oxide surfaces often focuses on
catalysts prepared at high temperatures. While
metal ions adsorbed at localized sites have re-
ceived much attention, surface clusters have
also been recognized as a common form
adopted by adsorbed ions. The motivating ob-
servation has been the discrepancy between
magnetic susceptibility and ESR measure-
ments. That is, while all of the transition metal
dispersed on a surface contribute to the mag-
netic susceptibility, often only a small fraction



contributes to the observed ESR signal
(10-16).

The conclusion often reached has been that
the distribution of metal ions on the surface
is not uniform, even at the lowest concentra-
tions on the surface (10, 12, 16-19). The ESR
spectra have been interpreted as composite
spectra arising from both metal ions adsorbed
at magnetically isolated sites (paramagnets)
and in surface clusters (ferri-, ferro-, or anti-
ferromagnets). The adsorbents used in these
studies included zeolites (13, 20), silica (14),
alumina (10-12, 16, 17, 19) and amorphous
aluminosilicates (18). Our objective in the re-
search reported herein was to see whether and
under what conditions surface clusters formed
when Cu(Il) and Mn(II) were allowed to
equilibrate with aqueous titanium dioxide
suspensions.

MATERIALS

We synthesized titanium dioxide by adding
titanium tetrachloride to distilled, deionized
water (HyO:TiCly = 2:1) and refluxing the hy-
drolyzed suspension for 4 h. The oxide was
washed repeatedly with distilled, deionized
water until the suspension was free of chloride,
then freeze-dried. We measured the specific
surface area by the BET method with N, as
the adsorbing gas. The surface area was 113.7
m? gl

METHODS

The methods we used in this study are de-
tailed elsewhere (16). The surface area in all
suspensions was 20 m? liter™'. All experiments
were conducted under a nitrogen atmosphere
in oxygen-free solutions containing 9.04
X 1073 M NaClO, as the background electro-
lyte to maintain a constant ionic strength.
Taking the hydrated radius of the divalent ions
to be 3.42 X 107'° m, complete adsorption of
9.04 X 107 M Cu(II) or Mn(II) by an oxide
suspension with 20 m? liter™! surface area
would, at most, cover the surface with a close-
packed monolayer of hydrated ions. We use
this concentration, or multiples of it, as a

means of relating the amount adsorbed to the
potential coverage of the surface. We do not
imply that once the ions are adsorbed they
necessarily cover the surface as close-packed,
hydrated ions.

RESULTS

I. Titanium Dioxide Suspensions
Containing Cu(Il)

The electrophoretic mobility (EM) of tita-
nium dioxide suspensions over a range of pH
and containing various amounts of Cu(II) are
shown in Fig. 1. The pH of zero particle mo-
bility in Cu(Il)-free suspensions, which we refer
to as the isoelectric point (IEP), is 6.2. The
ionic strength of the solutions and the particle
size of the titanium dioxide satisfy the Helm-
holtz-Smoluchowski limiting conditions (21).
The { potential at pH = 2.0, determined using
the Helmholtz-Smoluchowski formula, is
54 mV.
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HG. 1. The variation of the electrophoretic mobility of
suspension particles as a function of pH for titanium diox-
ide suspensions (20 m? liter™!) in 9.04 X 1073 M NaClO,
(O) and three initial concentrations of Cu(NO;),: (@) 4.52
X 1075, (A) 9.04 X 1075, and (m) 3.61 X 107 M.



Figure 2 shows the surface excess concen-
tration of Cu(Il), T'c,, as a function of pH.
The initial concentrations (4.52 X 107°, 9.04
%X 107% and 3.61 X 10~* M) correspond to suf-
ficient Cu(II) in solution to cover the surface
(upon complete adsorption from solution)
with one-half, one, and four layers of close-
packed, hydrated ions. Adsorption of Cu(Il)
begins in the pH range 2.0-2.3, well below the
IEP of the titanium dioxide. At pH = 4.4 there
is an abrupt increase in the surface excess con-
centration of Cu(lI).

Cu(Il) adsorption altered the hydroxyl
sorption properties of the suspension in the
pH range 3.7-5.1. Outside this range the pH
dependent hydroxyl sorption by the suspen-
sion was not measurably affected by the pres-
ence of Cu(Il). In Cu-free TiO, suspensions
the transition from net hydroxyl desorption
to net adsorption occurs at pH = 5.1, while
the same suspensions with Cu(II) present have
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FIG. 2. The variation of the surface excess concentration
of Cu(II) adsorbed as a function of pH for titanium dioxide
suspensions (20 m? liter™") in 9.04 X 1073 M NaClO, and
three initial concentrations of Cu(NOs),: 4.52 X 1075, 9.04
X 1075, and 3.61 X 107 M.

this transition at pH = 3.7. Thus, the adsorp-
tion Cu(Il) leads to enhanced hydroxyl ad-
sorption (or proton release) by the surface.

We calculated the surface excess concentra-
tion of hydroxyl, T'oy, in the pH range 3.8 to
5.1. The ratio, I'on/T'cu, increases with pH,
reaching it maximum value in the pH range
4.4-4.6, then decreases with pH. In fact, the
maximum in Tog/Tc. occurred at pH = 4.6,
4.5, and 4.4 for the low, medium, and high
levels of added Cu(Il), respectively, the same
pHs at which the surface excess concentration
of Cu(Il) increased abruptly in those systems.
The maximum values of T'oy/T'cy Were in the
range of 1.5-1.8, with the lower levels of Cu(II)
adsorption having the higher I'on/I'c, ratios.

Since TiO, desorbs hydroxyls below pH
= 5.1 and adsorbs hydroxyls above this pH,
the TiO, surface can be considered a sink for
protons below and a source above that pH. In
a similar sense the solution can also be con-
sidered a source and sink for protons. As the
pH of the suspension increases toward pH
= 5.1 the TiO, surface has a decreasing affinity
for protons, and as such becomes a less favor-
able sink for protons, while the solution be-
comes a more favorable sink because of the
increased activity of hydroxyls at higher pHs.

When Cu(II) adsorbs hydrolysis occurs and
the protons released can enter either of these
sinks. Given the hydroxyl desorption prop-
erties of the TiO, surface, we would expect the
Tou/T'cu ratios to increase with pH, which
does occur up to pH = 4.4-4.6. Furthermore,
the lower T'og/Tc. values at higher Cu(Il) ad-
dition levels may result from the lower hy-
droxyl to Cu(Il) activity ratios in the more
concentrated Cu(Il) solutions at a given pH.
Thus, Cu(Il) adsorption in suspensions con-
taining a higher solution concentration of
Cu(Il) is more likely to release protons to the
TiO, surface than the solution.

In the pH range 4.4 to 4.6, where the I'on/
', ratios reach their maximum, an important
transition occurs. As we mentioned above, the
pH at which the Ton/Tc, ratio reaches its
maximum in a given suspension is also the
pH at which the surface excess concentration



of Cu(Il) abruptly increases. Above this pH
the ratios decrease as pH increases. We are
unable to explain why this occurs.

Adsorption of all Cu(II) in solution is com-
plete by pH = 6.1 for the two lowest levels of
Cu(II) used in our experiments. The solubility
product of cupric hydroxide is exceeded at pH
= 6.2 in the system with the highest Cu(Il)
concentration. We have plotted the data in
Fig. 2 as the surface excess concentration of
Cu(Il) although for the highest Cu(II) level this
strictly applies for pH values less than 6.2. At
the two lowest Cu(Il) levels, adsorption is
complete at a pH below the onset of
Cu(OH)(s) precipitation.

We have plotted pCu versus pH for the ad-
sorption experiments in Fig. 3. The decrease
in Cu(II) above pH = 4.5 appears to differ be-
tween the suspensions with the two lowest
Cu(II) concentrations and the highest concen-
tration. In the former cases, pCu and pH
change in such a manner that the data points
curve away from the cupric hydroxide solu-
bility line as it is approached. In the latter case,
the data points trend, with little or no curva-
ture, toward the hydroxide solubility line until
precipitation occurs at pH = 6.2.

Clearly, the effect on EM by Cu(II) adsorp-
tion is not directly proportional to the quantity
adsorbed (Compare Figs. 1 and 2). Much of
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FIG. 3. Diagram showing the variation of pCu as a func-
tion of pH for the titanium dioxide suspensions of Fig. 2.
(O) Cu(ll), 4.52 X 107 M; (A) Cu(Il), 9.04 X 1075 M;(O)
Cu(Il), 3.61 X 107* M.

the increase in particle EM has occurred by
the point where full adsorption of the inter-
mediate Cu(Il) level (sufficient to form a full
monolayer of close-packed, hydrated ions) is
complete. The pH at which the deviation in
EM of Cu(II)-containing relative to Cu(ll)-free
suspensions arises is the same pH at which the
sharp increase in the surface excess concen-
tration of Cu(II) occurs.

A selection of typical ESR spectra taken
from titanium dioxide suspensions containing
sufficient Cu(II) to form a full monolayer are
shown in Fig. 4. The ESR spectrum at pH
= 2.7 (Fig. 4A) is typical of Cu(Il) in “static,”
tetragonally-distorted octahedral coordina-
tion. By “static” we mean the orientation of
the elongated symmetry axis does not change
on the time scale of the ESR measurement.
This signal grows in intensity as the pH in-
creases to 3.2 (Fig. 4B) while showing signs of
broadening. Broadening has nearly obscured
the signal by pH = 3.5 (Fig. 4C).

The ESR spectrum changes drastically at
pH = 4.4, the spectrum appearing in Fig. 4D
being typical of those arising at pH = 4.4. We
clearly see the spectrum for paramagnetic
Cu(Il) in “static” tetragonal coordination su-
perimposed on an intense symmetric signal.
The parallel component of the g value for
tetragonal Cu(II) has changed from g = 2.328
atpH = 2.7to g = 2.356 at pH = 4.5 indicating
the crystal field is stronger in the former case.
This type of spectrum persists until pH = 5.6
with a gradual increase in broadness.

By pH = 5.9 (Fig. 4E) this signal has broad-
ened considerably and continues to broaden
(Fig. 4F) and lose intensity up to about pH
= 9, after which the signal is almost lost. At
pH = 11.1 (Fig. 4G) the spectrum due to Cu(Il)
in “static” tetragonal coordination reappears,
superimposed on a much broadened sym-
metric signal, and persists to the highest pHs
included in this study (Fig. 4H). Note that g
= 2.349 (Fig. 4H) is not substantially different
from the value of g at pH = 4.5 (Fig. 4D).

This same series of ESR spectra just de-
scribed is observed for systems containing the
lowest Cu(II) level and the highest Cu(II) level
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FIG. 4. Electron-spin resonance spectra for Cu(Il) in selected titanium dioxide suspensions. Initial con-

centration of Cu(NO3), was 9.04 X 107° M.

with certain important exceptions. Beginning
with the spectra observed for systems with the
lowest Cu(II) level, the spectrum similar to Fig.
4D is less intense. The high pH signal for
Cu(Il) in “static” tetragonal coordination
reappears at pH = 9.9 compared topH = 11.1
in suspensions containing the intermedi-
ate Cu(II) level. Because the symmetric peak
upon which it is superimposed continues to
broaden as the pH increases above pH = 9.9,
the “static” tetragonal Cu(I) signal becomes
increasingly well defined at higher pH.

There are three important exceptions to the
pattern of ESR spectra for the highest Cu(II)
level relative to those appearing in Fig. 4. First,
the appearance of spectra similar to the one
in Fig. 4D occurs at a significantly lower pH,
4.1 vs 4.4. Second, the ESR spectrum has
broadened to the point where it is barely visible
by pH = 6.0. Finally, a spectrum for para-
magnetic Cu(Il) in “static” tetragonal coor-

dination never reappears at high pH as was.

the case for the lowest two Cu(Il) levels.
In summary, Cu(II) adsorption begins below

the IEP of titanium dioxide at about pH
= 2.0-2.3 and the surface excess concentration
rises sharply in the pH range of 4.4-4.6. Ad-
sorption is more gradual at pHs above 4.6 and,
at the two lowest Cu(Il) levels, is complete by
pH = 6.1. Precipitation of cupric hydroxide
occurs at pH = 6.2 in the systems with an
initial Cu(II) concentration of 3.61 X 10~ M.
A significant increase in the magnitude of sus-
pension particle electrophoretic charge for
Cu(II)-containing suspensions arises at about
pH = 4.5, expressed as a higher EM at a given
pH relative to Cu(Il)-free suspensions. The
ESR data indicate a broadening of the spectra
of paramagnetic Cu(Il) in “static” tetragonal
coordination at pH = 3.5 and the appearance
of a broad, symmetric signal without hyperfine
structure upon which a “static” tetragonal sig-
nal is superimposed at about pH = 4.4 when
surface coverage is still quite low. Further-
more, paramagnetic Cu(Il) ions adsorbed on
the surface exist at high pH when the amount
of Cu(ll) adsorbed is sufficient to form a
monolayer of close-packed, hydrated ions.



II. Titanium Dioxide Suspensions
Containing Mn(II)

The surface excess concentration of Mn(II)
as a function of pH in aqueous titanium diox-
ide suspensions is shown in Fig. 5. The Mn(II)
levels we used correspond to sufficient Mn(II)
to cover the surface, upon complete adsorption
from solution, with either one or four complete
monolayers of close-packed, hydrated ions.
Adsorption of Mn(II) on titanium dioxide ap-
pears to begin in the pH range of 2-3 with a
relatively small amount of Mn(II) adsorbed at
pH values below the oxide’s IEP. Beginning
at pH = 5 adsorption is accompanied by the
rapid oxidation of a /imited amount of Mn(II)
even though these experiments were per-
formed in the absence of oxygen. The extent
of this oxidation did not appear to increase as
the pH increased above 5.

20

Mn(D), 3.6X10™4 M

16

14}

12+

101

Mn(I) ADSORBED, (moles/m2) X108

pH

FIG. 5. The variation of the surface excess concentrations
of Mn(Il) adsorbed as a function of pH for titanium dioxide
suspensions (20 m? liter™") in 9.04 X 1073 M/ NaClO, and
two initial concentrations of Mn(CIO,),: 9.04 X 10~5 and
3.61 X 107* M.
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FIG. 6. The variation of the electrophoretic mobility of
suspension particles as a function of pH for titanium diox-
ide suspensions (20 m? liter™*) in 9.04 X 10~ A/ NaClO,
and two initial concentrations of Mn(ClO,),: (®) 9.04 X
107% and (A) 3.61 X 10™* M.

The solubility product of manganous hy-
droxide was never exceeded in these experi-
ments. Full adsorption from solution was
complete by pH = 7.8 for those systems con-
taining 9.04 X 10~ M Mn(II) and pH = 9.5
for those containing 3.61 X 10™* A Mn(II).
The equilibrium constant for the first hy-
drolysis of hexaquomanganese(2+) is pK;
= 11.07. Even at pH = 9.5 only 3% of the
Mn(II) remaining in solution is hydrolyzed.

The effect of Mn(II) adsorption on the EM
of suspension particles (Fig. 6) differs from
what we observed for Cu(Il). Adsorption of
sufficient Mn(II) to potentially cover the tita-
nium dioxide surface with a monolayer of
close-packed, hydrated ions has no apparent
effect on the EM of the particles. On the other
hand, we observe an increase in the EM at pH



= 6.5 for systems containing the highest
Mn(I) level, ultimately increasing the pH of
zero particle mobility to pH = 10.

In systems containing Cu(II), adsorption of
the “equivalent” of a monolayer results in an
increase in EM nearly as great as when the
“equivalent” of four monolayers of Cu(ll)
have adsorbed. Systems containing Mn(II)
show no noticeable increase in EM after the
adsorption of the “equivalent” of a monolayer.
However, full adsorption from solutions con-
taining the highest Mn(II) level increase the
pH of zero particle mobility to nearly the same
value as when an equal amount of Cu(Il) is
adsorbed.

The solution concentrations of Cu(II) used
in these experiments were below the detection
limits of the ESR spectrometer we used. As a
result, any Cu(II) spectrum can be attributed
to species on the surface because the adsorp-
tion process increases the amount of Cu(lI) in
the sample volume to the point where Cu(II)
is detectable by our spectrometer. The con-
centrations of Mn(Il) in solution are much
higher than our instrument’s detected detec-
tion limits for Mn(II) and solution species give
a very strong signal. As a result, signals due to
Mn(II) on the surface are masked by the signal
from solution species so long as significant
amounts of Mn(II) remain in solution.

For those systems containing the lower level
of Mn(II), an ESR spectrum due to Mn(II) on
the surface is first evident at pH = 5.5. The
general characteristics of this spectrum remain
unchanged up to pH = 7.6 (Figs. 7A and 7B).
The six hyperfine peaks characteristic of para-
magnetic Mn(II) in-octahedral coordination
are clearly apparent; however, these peaks are
much broader than those in the spectrum of
hexaquomanganese(2+) in solution. These
hyperfine peaks appear to be superimposed on
a much broader peak (AH = 500 G).

The solution spectrum masks the spectrum
from surface species until pH = 8.8 in those
systems with the highest level of Mn(II). At
this point (Fig. 7C) the spectrum consists of
six, broadened hyperfine peaks superimposed
upon a very broad, weak signal. This latter
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FiG. 7. Electron-spin resonance spectra for man-
ganese(Il) in selected titanium dioxide suspensions.

broad signal (A H = 500 G) grows in intensity
as the pH increases to 11 (Figs. 7D and E).

The temperature dependence of the spec-
trum of Fig. 7A appears in Fig. 8. The hyper-
fine peaks become narrower as the tempera-
ture is lowered and reach a minimum at 173
K. If we measure the intensity from the half
height of the first hyperfine peak to the half
height of the last hyperfine peak (I in Fig. 8)
and plot the inverse of this intensity versus the
temperature the relation is linear with a pos-
itive intercept. This is characteristic behavior
of an antiferromagnet [cf. (16)]. A plot of the
inverse peak intensity for spectra shown in
Figs. 7D and E is also indicative of antifer-
romagnets.

To summarize, adsorption of Mn(II) on ti-
tanium dioxide begins in the pH range of 2 to
3. At and above pH = 5 a limited amount of
the Mn(I) in the system oxidizes on the sur-
face, turning the suspension light brown. The
extent of oxidation does not appear to increase
significantly with pH. The adsorbed Mn(II)



| e
200 GAUSS

v

FIG. 8. The temperature dependence of the electron spin
resonance spectrum shown in Fig. 7A. The gain setting
was half that used in recording the spectrum in Fig. 7A.

does not disperse uniformly over the surface.
Even when the amount adsorbed is sufficient
to cover the surface with nearly four layers of
close-packed ions the ESR data indicate the
presence of both magnetically isolated and
strongly coupled species on the surface (cf.
Figs. 7C and D).

DISCUSSION

The ESR spectrum of Cu(Il) observed at
pH = 2.7 (Fig. 4A) is characteristic of Cu(Il)
in tetragonal coordination, a distorted octa-
hedral environment with axial symmetry in
which the symmetry axis is elongated (22).
Implicit in this analysis is the recognition that
the system of Cu(Il) ions giving rise to such a
spectrum exist as paramagnets. Furthermore,
the orientation of the symmetry axis of Cu(II)
in this coordination environment must be
“static” on the time scale of the ESR mea-
surement. Such a spectrum can be attributed
to Cu(ll) chemisorbed at magnetically iso-
lated sites on the titanium oxide surface. In
the limit of very high dispersion on a surface

(22) the hyperfine peaks of both the parallel
and perpendicular components of the aniso-
tropic g tensor are apparent in the spectrum.

Broadening of the spectrum for Cu(Il) ad-
sorbed on oxide surfaces and on ion exchange
resins is commonly observed as the concen-
tration of Cu(lIl) ions on the absorbent in-
creases. This broadening is the result of the
interaction of magnetic dipoles both through
the classical mechanism of dipole-dipole cou-
pling or through the quantum mechanical
phenomenon of spin-exchange coupling. It is
generally accepted that spin-exchange cou-
pling dominates systems of electron dipoles
(24-26).

In many systems, with absorbents ranging
from polymeric ion exchangers and zeolites to
oxide surfaces, spectra similar to the ones we
observed (Figs. 4D and E) have been reported
by other workers (10-13, 17, 20, 23, 27-33).
Some are interpreted as resulting from ex-
change-broadened paramagnetic Cu(Il) (27,
28, 32). Others attribute such a spectrum to
salt crystals which form when the solution is
frozen (29, 30, 33). McBride (17) observed a
spectrum similar to Fig. 4F for Cu(II) adsorbed
on gibbsite and attributed this to cupric hy-
droxide precipitated on the surface. There
seems to be no question that it is the result of
magnetically coupled ions.

It is important to recognize that the absence
of an ESR signal does not constitute proof that
certain species do not exist. As pointed out by
Berger and Roth (12), ESR measures mag-
netically isolated ions and coupled ions in
small domains. Magnetic susceptibility mea-
surements integrate over a broad spectrum of
domains ranging from magnetically isolated
ions to bulk solids such as cupric oxide. While
it is true that relaxation processes in bulk,
magnetically ordered materials often render
the ESR signal extremely broad, it is possible
to observe the ferromagnetic resonance spec-
trum arising from small domains (16).

Initial adsorption of Cu(II) begins at sites
with a relatively high crystal field strength. The
Cu(Il) ions first adsorbed are clearly isolated,
but the ESR spectra from adsorbed Cu(II) has



broadened considerably by pH = 3.5 (Fig. 4C).
If the ions adsorbed by pH = 3.5, in the case
of Fig. 4C, were uniformly distributed the
mean separation would be 2.3 X 107° m. If
we attribute the broadening we observe at pH
= 3.5 to spin-exchange and recognize that ions
separated by 2.3 X 10~° m would be magnet-
ically isolated, then it follows that the sites first
occupied are not uniformly distributed on the
surface. The sites occupied by Cu(ll) at pH
= 2.7 (whose ESR spectra are broadened by
pH = 3.5) may be close enough together that,
as they are populated, exchange coupling arises
while the average surface coverage is still
quite low.

The analysis by several authors (19, 29, 31,
33) clearly demonstrates the composite nature
of the type of spectrum shown in Fig. 4D, con-
sisting of a symmetric signal superimposed on
the parallel and perpendicular components of
paramagnetic Cu(II) in “static” tetragonal co-
ordination. Martini et al. (29) and Fujiwara
et al. (33) ascribe the symmetric peak at g

=2.16 to Cu(ll) salts formed when Cu(ID)-

containing solutions were frozen. Cozar and
Znamirovaschi (31) and Cozar et al. (19) as-
sign the same symmetric peak to clusters of
Cu(II) on the surface. Hornsky and Rakos (23)
specifically rule out cluster formation and at-
tribute a similar spectrum [Fig. 1a of their pa-
per] to Cu(Il) uniformly distributed on the
surface, broadened by exchange coupling. We
consider Fig. 4D a composite spectrum due to
paramagnetic Cu(Il) in tetragonal coordina-
tion and exchange coupled Cu(Il) in surface

clusters. At pH = 4.4 these clusters have nu-

cleated and begin a stage of rapid growth over
the rather narrow pH range from 4.4 to 4.6.
The interval in which cluster formation oc-
curs is also characterized by the appearance
of Cu(II) occupying sites with a weaker crystal
field than those occupied at pH = 2.6, as ev-
idenced by the difference in g values. Isolated
sites still exist in suspensions containing suf-
ficient Cu(Il) to form a complete monolayer
as demonstrated by the appearance of a para-
magnetic signal at pH = 11. (Note: Reorga-
nization of Cu(Il) on the surface may have

occurred leading to the reappearance of a
paramagnetic signal at pH = 11.) Apparently
magnetically isolated sites no longer exist in
suspensions containing the highest level of
Cu(II) used in these experiments. Whether or
not the solubility product for bulk cupric hy-
droxide is exceeded is probably determined by
the size of surface clusters formed. It is likely
that a mass action balance controls growth of
surface clusters relative to the adsorption of
isolated sites.

The effect of adsorption on EM is more dif-
ficult to explain. While EM does not measure
the true ZPC (34), it does reflect the charge
arising from the “clean” surface, isolated ad-
sorbates and surface clusters. Clearly, several
factors are important in determining the final
net electrophoretically measured charge. There
are both extensive factors (e.g., the total area
of “clean” surface, total area of surface clusters
and total numbers of isolated ions) and inten-
sive factors (e.g., the hydrolytic properties of
the “clean” surface, surface clusters and iso-
lated ions). Isolated, unhydrolyzed cations
clearly make the greatest positive contribution
to the electrophoretically measured charge, per
ion adsorbed. Since clusters apparently form
and exert a significant effect on the EM [cf.
(16)], the surface to volume ratio of these clus-
ters must be quite high.

ESR spectra similar to the ones in Fig. 7
have been reported by several workers for
Mn(II) adsorbed on a variety of materials (15,
39, 41-44). The analysis of this type of spec-
trum has varied considerably. Perhaps the
point at which to begin this discussion should
be the relaxation processes that act on Mn(II)
and their expression in the ESR spectra of this
species.

The dominant anisotropic term in the spin
Hamiltonian of Mn(II) in a high spin complex
is the zero-field-splitting (ZFS) tensor (35-39).
The ZFS tensor for a complex with cubic sym-
metry is identically zero. Zero-field splitting
arises from the removal of spin level degen-
eracy by an asymmetric crystal field. The ZFS
term does not contribute to the static part of
the spin Hamiltonian, but through its contri-



bution to the time-dependent part of the
Hamiltonian it becomes the major source of
spin relaxation in an Mn(II) ESR experiment.

The formation of an asymmetric complex
with a surface site will produce a nonzero ZFS
term (15, 40-42). Such a complex could be
“outer-sphere,” leaving the first hydration
sphere intact, and still yield a nonzero ZFS
term (40).

If Mn(1I) is strongly bound to a low sym-
metry site, the nonzero ZFS term would pro-
vide a pathway for spin relaxation through
spin-lattice coupling. The hyperfine peaks
would be broader while the g value and hy-
perfine splitting, which are sensitive to the
crystal-field environment, would be different
from those hexaquomanganese(2+). Alter-
natively, the Mn(II) could be weakly held in
a low symmetry site and undergoing rapid
tumbling. The broadening in this case would
result from distortions of the inner-hydration
sphere caused by the low symmetry site,
equivalent to a fluctuating distortion model,
but the g value and the hyperfine splitting
should be the same as those for hexaquoman-
ganese(2+) (44). We would expect narrowing
in the latter case as the suspension is frozen
since freezing would in effect form a “static”
outersphere complex. A “static” outersphere
complex would likely have a lower ZFS term
than a rigidly held innersphere complex.

We propose that the Mn(II) species giving
rise to the six, broadened hyperfine peaks (Figs.
7A and B) are freely tumbling in isolated, low
symmetry sites with their inner-hydration
sphere intact. The g value and hyperfine split-
ting constant are the same as those for hexa-
quomanganese(2+). It is quite possible that
Mn(II) forms strong complexes with isolated
surface sites which are undetectable by ESR.
Roy et al. (15) found that only a small fraction
of the total Mn(Il) in the system (10% in their
case) contributed to the ESR peak intensity.

Spin exchange is another factor which con-
tributes to the ESR line broadening for Mn(II)
adsorbed on surfaces (27, 39-43). This ex-
change broadening arises as the concentration
of adsorbed Mn(1l) increases and the average

- distance separating ions decreases. In many

cases this exchange interaction is attributed
solely to coupled paramagnetic species (27, 28,
43). Martini (39) reported a composite spec-
trum interpreted as arising from paramagnetic
species subject to nonzero ZFS effects and
Mn(II) salts formed in the pores of silica as
the solution froze. The temperature-dependent
peak intensity of the broad spectrum (Fig. 8)
is indicative of a material that is antiferro-
magnetic. This could arise only from strongly
exchange coupled spins as would exist in sur-
face clusters. The broad ESR spectra observed
at the highest Mn(II) level supports this con-
clusion.

We believe the ESR spectra of Figs. 7A-D
and Fig. 8 consist of a paramagnetic signal
superimposed on a symmetric peak due to
Mn(Il) in surface clusters. Based on the effect
of Mn(II) adsorption on the suspension EM,
we propose that much of the Mn(II) on the
surface resides in surface clusters in which the
effect of adsorbed ions on electrophoretically
measured charge is minimized.

Between pH = 5.0 and pH = 5.1 some form
of oxidized Mn appears on the surface of the
titanium dioxide; however, the amount of Mn
involved in this oxidation is a very small por-
tion of the total Mn in the system. The factor
limiting the extent of oxidation is not clear.

According to Coughlin and Matsui (45) the
catalysis of Mn(II) oxidation in oxygen-con-
taining titanium dioxide suspensions can be
described by a model which combines adsorp-
tion of Mn(II) and molecular oxygen by the
oxide surface. The reaction then occurs be-
tween the adsorbed species. However, titanium
dioxide is a known photosemiconductor (46).
Band-gap photo-excitation by 355-nm light
creates electron-hole pairs which have a life-
time on the order of ms (47) and are capable
of oxidizing water. Clearly an oxidizing agent
this strong could oxidize adsorbed Mn(II). If
this reaction were to proceed in the absence
of oxygen dissolved in solution it would prob-
ably cease once the surface of the titanium
dioxide became significantly reduced. While
the oxidation we observe may be due to mo-



lecular oxygen adsorbed on the surface and
not removed by our technique, this seems un-
likely. We saw no oxidation of this sort when
Mn(II) adsorbed on boehmite under precisely
the same conditions (16). It is more likely that
the oxidation is photo-induced and limited by
the reduction of the surface in an oxygen-free
system.

SUMMARY

Adsorption of Cu(Il) on the surface of ti-
tanium dioxide begins at pH = 2 with the oc-
cupation of isolated sites having relatively high
crystal fields. These sites hold Cu(Il) in “static”
tetragonal coordination. It appears that these
sites, while few in number, are not uniformly
distributed since broadening (presumably via
spin-exchange coupling) occurs at very low
surface coverage. The sharp increase in the
surface excess concentration of Cu(II) and the
appearance of a composite ESR spectrum at
pH = 4.4 indicate the formation of hydrous-
Cu(Il) clusters on the surface of the titanium
dioxide at that pH. This is further supported
by the existence of paramagnetic Cu(II) on the
surface when there is sufficient Cu(II) to form
a complete monolayer of close-packed, hy-
drated ions. The evidence is clear that Cu(II)
is not distributed uniformly on the surface,
even at very low levels of adsorption.

Mn(II) begins adsorption below the IEP of
titanium dioxide, but the ESR signal for so-
lution species mask surface species until about
pH = 5.5. As in the case for Cu(II), Mn(I)
appears to adsorb by both occupying relatively
isolated sites and forming surface clusters. A
limited amount of the Mn(II) oxidizes rapidly
upon adsorption under oxygen-free condi-
tions, most likely a photo-induced oxidation
by the titanium dioxide surface.

In conclusion, we feel the most significant
result reported in this paper is that two distinct
mechanisms for metal ion adsorption can co-
exist in aqueous oxide suspensions. While it
may be suitable to model the discrete, metal-
ion/site complex by analogy with coordination
complexes formed in solution; surface-cluster

formation cannot be described by such an
analogy. Just as the activity products for pre-
cipitation phenomena differ from those for the
formation of coordination complexes, so also
should we expect the thermodynamic descrip-
tion of surface-cluster formation to differ from
that appropriate for discrete, adsorbate/site
complexes. We should consider the surface
cluster as a site for adsorption, but a site that
is not “filled” by being occupied. Rather, as
we observed in an earlier paper (16), the very
process of adsorption creates new adsorption
sites that were nonexistent on the “clean” sur-
face.
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